Introduction
Rapidly growing nursery pigs have a high requirement for iron [Fe; 80-100 mg/kg dry matter (DM)] 4 (1); however, many commercial swine diets contain levels of Fe in considerable excess of this requirement. Though bioavailability of Fe from most swine feed ingredients is relatively unknown, many are very high in total Fe, including blood meal (3 g Fe/kg DM), dicalcium phosphate (10 g Fe/kg DM), and limestone (3.5 g Fe/ kg DM) (1) . High dietary Fe may have deleterious effects on pig production through increased oxidative stress on tissues, depressed feed intake, and interference with absorption of essential trace minerals such as manganese (Mn) and copper (Cu) because of competition for common intestinal transporters (2) (3) (4) .
Several advances in our understanding of the molecular mechanisms involved in Fe absorption have been made in the past decade. In particular, two Fe transport proteins have been well characterized using in vitro and rodent models: the cellular Fe importer divalent metal transporter 1 (DMT1) and the cellular Fe exporter ferroportin (FPN). A limited body of work has demonstrated the presence of DMT1 and FPN in the digestive tract of pigs (5-7); however, the effect of dietary Fe concentration on the regulation of these proteins and the genes that encode them has not been well studied in pigs. Additionally, although in vitro work has suggested that Mn and Cu may also be transported by DMT1 (2) , it is unclear what impact the potential regulation of DMT1 by Fe may have on in vivo metabolism of Mn and Cu. Therefore, our objective was 2-fold: 1) to determine the effect of dietary Fe concentration on expression of proteins important in Fe metabolism and the genes that encode them in the weaned pig; and 2) to determine the impact of dietary Fe concentration on concentrations of Mn and Cu in duodenum and liver.
Materials and Methods
Animal care and experimental design Pigs and experimental diets. Care, handling, and sampling procedures were approved by the North Carolina State University Animal Care and Use Committee prior to initiation of the trial. Twenty-four weaned male pigs averaging 21 d of age and 5.5 6 0.4 kg body weight were used in a 32-d trial. At birth, piglets were injected with a half dose of Fe dextran (100 mg) to minimize body Fe stores prior to initiation of the trial while still preventing anemia. At weaning, pigs were blocked by weight within litter and randomly assigned to 1 of 3 treatments: no supplemental Fe [low Fe (L-Fe)], 100 mg supplemental Fe/kg DM [adequate Fe (A-Fe)], and 500 mg supplemental Fe/kg DM [high Fe (HFe)]. The basal diet was formulated based on NRC (1) recommendations to meet or exceed the pig's requirement for all nutrients except Fe ( Table  1 ) and was not pelleted. The basal diet analyzed 20 mg Fe/kg DM (~25% of the young pig's requirement for Fe) and supplemental Fe was provided as FeSO 4 .
Pig feeding and management. Pigs were housed in pens of 2 (4 replicate pens per treatment) in an environmentally controlled nursery and consumed feed and water ad libitum. Pig weights were recorded on d 0 and 32. One pig per pen was selected at random to be bled via jugular venipuncture on d 0, 14, and 32 for analysis of serum Fe and hemoglobin. Pigs were not food-deprived overnight prior to blood collection. Blood for hemoglobin determination was collected in heparinized vacuum tubes (Becton Dickenson) and transferred on ice to the laboratory. Blood for serum Fe analysis was collected in vacuum tubes and allowed to clot at room temperature for 1 h prior to centrifugation. Pigs (n = 2 per treatment 3 day) were harvested on d 33, 34, 35, and 36. To minimize intestinal stress, pigs were sedated prior to being killed using a combination of Telazol, Ketamine, and Xylazine at a dose of 0.03 mL/kg body weight. Following sedation, pigs were killed with Fatal Plus (pentobarbital sodium; 2.2 mL/kg body weight) given i.v. via a catheterized ear vein.
Sample collection and analytical procedures Tissue collection. Immediately after being killed, a 25-cm segment of the duodenum beginning~10 cm distal to the pyloric sphincter was removed, cut open longitudinally along the antimesenteric border, and rinsed generously with 0.9% saline to remove any digesta prior to sample collection. Duodenal scrapings of the first 10 cm of exposed mucosa were performed as previously described (8) and immediately flash frozen in liquid N 2 for gene and protein analysis. The second 15 cm of mucosa was scraped and stored on ice for mineral analysis. Liver samples collected were rinsed thoroughly with PBS to remove hepatic blood contamination, wrapped in aluminum foil, and flash frozen in liquid N 2 .
Blood and mineral analysis. Blood was analyzed for hemoglobin content using Drabkin's reagent (9) . The hemoglobin standard was purchased from Pointe Scientific. Blood for serum analysis was centrifuged at 1200 3 g; 20 min at 208C and serum was prepared for mineral analysis as previously described (10) . Feed, liver, and mucosal scrapings were prepared for mineral analysis by wet ashing using microwave digestion (Mars 5; CEM) as described by Gengelbach et al. (11) . The mineral content of serum, feed, and tissues was determined by flame atomic absorption spectroscopy (Model AA-6701F; Shimadzu Scientific Instruments). A bovine liver standard (1577b Bovine Liver; National Institute of Standards and Technology) was included in all analyses to verify instrument accuracy.
Protein extraction and immunoblotting procedures. Isolation of proteins from duodenal scrapings and gel electrophoresis was performed as previously described (8) . Sixty-five micrograms of protein was loaded into each well and samples were heated at 708C for 10 min. To avoid aggregation of the protein, samples for FPN analysis were not heated prior to electrophoresis (12) . Following transfer and blocking, membranes were probed with 1 of the following antibodies overnight at 48C: monoclonal mouse anti-DMT1 (clone 4C6; Novus Biologicals; 2 mg/L) or affinity purified polyclonal rabbit anti-FPN (1 mg/L) (12) . For hephaestin, membranes were probed for 1 h at room temperature using a polyclonal mouse anti-hephaestin (Novus Biologicals; 1:1000 dilution). A partial recombinant mouse DMT1 protein (Novus Biologicals) served as the positive control for DMT1 analysis and bovine spleen isolate served as the positive control for FPN analysis. Membranes were washed, incubated with secondary antibody, visualized, and band densities semiquantified as previously described (8) . Membranes were stripped with Restore Western Blot Stripping Buffer (Pierce) and reprobed with b-actin (Abcam; 1:5000 dilution for 1 h at room temperature) as a loading control. To normalize for between-gel variations, a pooled sample was analyzed on all gels and data are presented as a ratio of the unknown sample:pooled sample.
RNA isolation and real-time RT-PCR. Total RNA was extracted from snap-frozen tissues using an RNeasy Mini kit with on-column DNase digestion (Qiagen). The RNA quality (intact rRNA 28s/18s) was evaluated by agarose gel electrophoresis and RNA concentrations were quantified by a NanoDrop spectrophotometer. First-strand cDNA was reverse transcribed from 2 mg of total RNA using oligo(dT) 20 and a SuperScript III First-Strand Synthesis system for RT-PCR (Invitrogen). The cDNA was treated with RNase H and diluted with nuclease free water to 20 ng in 1 mL (total RNA). Quantitative real-time PCR was analyzed in triplicate on an iQ5 Real Time PCR detection system (BioRad). The PCR contained 40 ng cDNA, 500 nmol/L each of forward and reverse primers, and 13 SYBR Green Master mix (Qiagen). The cycling program was 958C/10 min followed by 40 cycles of [958C/10 s and 56-588C/30 s (primer dependent; Supplemental Table 1) ] and a final melting curve analysis. Primers were designed using Primer-BLAST (13) for SLC11A2 (DMT1), SLC39A14 [solute carrier family 39 member (ZIP14)], hepcidin (HAMP), SLC40A1 (FPN), ACO1 [aconitase/iron responsive element (IRE)-binding protein 1 (IRP1)], and IREBP2 (IRP2). Gene-specific amplification was determined by melting curve analysis and agarose gel electrophoresis. The cycle threshold value was analyzed (iQ5 detection System) and transformed to a relative quantity using the 2 2DCt method with the highest quantity scaled to 1 (14) . Four housekeeping genes [glyceraldehyde-3-phosphate dehydrogenase, bactin, ribosomal protein S9, and ribosomal protein L4 (RPL4)] were assessed for stability of expression using 2 separate cDNAs from each treatment (data not shown). RPL4 was subsequently chosen as an endogenous gene and used to standardize the relative expression of all genes investigated (15) .
Statistical analysis. Analysis of data was performed using ANOVA for an unbalanced incomplete block design, using the MIXED procedure of 
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SAS (SAS Institute). The model for performance and blood measurements included the fixed effects of treatment, and pen was the experimental unit (n = 4 per treatment). For tissue analysis, the model included the fixed effect of treatment, and block and treatment 3 block were considered random. The individual animal served as the experimental unit (n = 8 per treatment). Normalized relative gene expression data were analyzed with PROC ANOVA using the SAS system for Windows version 9.1. All data are presented as least square means (LSM) 6 SEM. Data were considered significant at P # 0.05. Simple Pearson correlation coefficients were determined using the CORR procedure of SAS.
Results
Performance. Ending body weights were lower in L-Fe (P , 0.05) compared with A-Fe pigs and did not differ between L-Fe and H-Fe or H-Fe and A-Fe ( Table 2 (Fig. 1) . Hephaestin protein did not differ between L-Fe and H-Fe pigs. Hephaestin migrated to an apparent molecular weight of~145 kDa, similar to that reported in rodent literature (16) . Intestinal DMT1 protein expression and liver Fe concentrations were correlated in H-Fe pigs (r = 20.72; P = 0.04). Duodenal levels of DMT1 protein did not differ due to dietary treatment (Fig. 1) . The apparent molecular mass of DMT1 as estimated by SDS-PAGE was~50 kDa. Duodenal FPN protein expression was not affected by dietary Fe concentration (Fig. 1) . The apparent Relative expression of genes important in Fe metabolism.
We used real-time RT-PCR to examine the effect of dietary Fe in regulating the mRNA abundance of candidate genes involved in Fe metabolism. In liver, the transcriptional level of HAMP (hepcidin) was greatly depressed in L-Fe pigs compared with AFe and H-Fe pigs (Fig. 2) . The abundance of FPN mRNA was 2-fold greater (P , 0.05) in L-Fe pigs compared with A-Fe pigs but did not differ between A-Fe and H-Fe pigs (Fig. 2) . Expression of IRP1 was greater (P , 0.05) in L-Fe (1.55 6 0.18) compared with H-Fe pigs (1.04 6 0.15) but did not differ from A-Fe pigs (1.11 6 0.15). Relative transcript abundances of the genes DMT1, ZIP14, and IRP2 did not differ among treatments (data not shown).
In the intestine, DMT1 and ZIP14 were differentially expressed with a similar pattern in response to the dietary Fe treatments (Fig. 3) . DMT1 expression of L-Fe pigs was 320% (P , 0.05) of DMT1 expression of A-Fe pigs and DMT1 expression of H-Fe pigs was 49% of DMT1 expression of A-Fe pigs. Relative expression of ZIP14 of L-Fe pigs was 260% (P , 0.05) of ZIP14 expression of H-Fe pigs. Intestinal IRP1, IRP2, and FPN transcript levels did not differ due to treatment (data not shown).
Discussion
Rapidly growing pigs have a high demand for Fe; however, starter diets often contain concentrations exceeding Fe requirements. Excessive dietary Fe may interfere with the metabolism of other trace elements and may induce oxidative stress in tissues. In this study, we fed a L-Fe diet (20 mg Fe/kg DM) to achieve a moderate Fe deficiency in L-Fe pigs. Traditional measures of Fe status (hemoglobin and serum Fe) suggested that L-Fe pigs in this study were anemic by d 32. Hemoglobin concentrations $100 g/L are considered adequate in pigs, whereas concentrations #70 g/L are indicative of anemia (1) . By d 32, L-Fe pigs exhibited pale mucous membranes, but otherwise had no visual 
In recent years, several groups have documented the presence of DMT1 and FPN in the small intestine and colon of pigs (5-7). In our study, we found that mRNA and protein expression of these and other proteins involved in Fe metabolism appear to be regulated by dietary Fe concentration in a manner similar to that reported in other animals. Because the body has a limited capacity for physiological excretion of Fe, a complex system of checks and balances has evolved to control intestinal absorption of Fe (18) . Many proteins involved in Fe metabolism are regulated in response to low Fe status through the IRP/IRE system (19) . Our study showed differential hepatic expression of IRP1 in L-Fe pigs compared with H-Fe pigs, suggesting that IRP1 could possibly be regulated at the transcriptional level in addition to the post-translational regulation of IRP1 that is well known in the literature (19) . Rincker et al. (20) also noted that the binding activity of IRP isolated from liver of pigs receiving no supplemental Fe was greater than that from pigs supplemented with 150 mg Fe/kg DM. DMT1 appears to be the predominate protein involved in nontransferrin-bound Fe uptake by the cell (21) . The increase in intestinal DMT1 mRNA expression in L-Fe pigs is likely reflective of the pig's anemic status and increased need for dietary Fe to meet erythropoietic demands. As determined by Western blotting, only a weak tendency for DMT1 protein to be greater in L-Fe pigs relative to H-Fe pigs was observed. This discrepancy may reflect the semiquantitative nature of Western blotting, low animal numbers, or a disparity between mRNA expression and actual translation of the message into active protein. We also observed a strong negative correlation between liver Fe concentration and DMT1 protein levels in the intestine of H-Fe pigs, suggesting that high body Fe stores were signaling reductions in Fe absorption in these pigs.
In rodents and humans, the liver-derived hormone hepcidin appears to be the link between Fe stores and regulation of Fe absorption (22) . Dramatic differences in HAMP expression were observed between L-Fe pigs and pigs receiving either 100 or 500 mg supplemental Fe/kg. Hepcidin binds to FPN on the basolateral membrane of the cell, causing internalization and degradation of the protein and decreasing cellular Fe export (22) . Intestinal FPN protein and mRNA did not differ between treatments in the present study; however, transcript abundance of FPN in liver decreased in response to Fe. This suggests complex regulation of FPN mRNA by Fe status in addition to regulation of FPN protein by hepcidin.
In this study, we demonstrate the presence of ZIP14 in both the liver and duodenum of growing pigs. ZIP14 belongs to the ZIP superfamily of transporters (Zrt-and Irt-like proteins) and is expressed highly in both liver and intestine (duodenum and jejunum) (23). Liuzzi et al. (23) reported that ZIP14 was responsible for both Zn and nontransferrin-bound Fe uptake by HEK 293 cells. The present study investigates the effect of dietary Fe concentration on in vivo expression of ZIP14 mRNA. Hepatic expression of ZIP14 mRNA was not affected by dietary Fe concentration. However, changes in intestinal ZIP14 mRNA abundance suggest a response to dietary Fe concentration. Because ZIP14 has been shown to transport both Fe and Zn, we measured Zn concentrations in liver and intestine. It is unclear why liver Zn was lower in L-Fe pigs compared with A-Fe pigs; however, liver Zn concentrations appear to be relative to dietary DM intake differences between treatments. No differences were observed in intestinal Zn, suggesting intestinal ZIP14 expression may be responsive to body Fe status. Regulation of ZIP14 by interleukin-6 as a part of the inflammatory response has been reported (24) ; however, the molecular mechanism(s) through which ZIP14 may be affected by Fe status has not been determined. It is interesting to note that in both liver and intestine, DMT1 and ZIP14 appear to have similar transcriptional patterns in response to dietary Fe concentration, suggesting that they may be regulated in a similar manner. Future research should focus on the mechanism by which Fe may regulate ZIP14 and the implications of Fe absorption via ZIP14 in the young animal.
Metal transporters such as ZIP14 and DMT1 do not appear to have exclusive substrate preferences; therefore, we examined the impact of dietary Fe concentration on Mn and Cu metabolism. Liver Mn was reduced in H-Fe pigs, whereas intestinal Mn concentrations were reduced in A-Fe and H-Fe pigs relative to LFe pigs. In vitro work has suggested that both Fe and Mn are potential substrates for DMT1 (25) . This is supported by in vivo documentation that Belgrade rats, which have a mutation rendering DMT1 ineffective, are not only highly anemic but also have reduced tissue Mn concentrations (26) . In the present study, reductions in tissue Mn concentrations may have resulted from a combination of reduced intestinal DMT1 expression in H-Fe pigs and increased competition between Fe and Mn for absorption. These results support the role of DMT1 in uptake of both Fe and Mn into the absorptive enterocyte of the small intestine in pigs. Additionally, there is some evidence that suggests ZIP14 may transport Mn in addition to Zn and Fe (27) . Further investigation into the role of ZIP14 in Mn absorption in warranted.
Although liver Cu concentrations for L-Fe, A-Fe, and H-Fe pigs were all within physiologically normal concentrations, changes in liver Cu concentrations due to dietary Fe concentration were observed. Increased liver Cu content in L-Fe pigs may have resulted from the anemia these pigs were experiencing, as Hahn and Fairman (28) reported a tendency for liver Cu to increase in anemic dogs. Yu et al. (29) also observed increased hepatic Cu concentrations in rats fed low-Fe diets compared with those fed normal or high-Fe diets. Although rats do not have a gall bladder and pigs do, these authors also reported that biliary excretion of Cu decreased in rats as dietary Fe increased, which may offer an explanation as to why liver Cu concentrations increased in H-Fe pigs in the present study.
In conclusion, expression of certain genes encoding proteins important in Fe metabolism were affected by dietary Fe concentration, including HAMP, IRP1, and FPN in liver and DMT1 and ZIP14 in duodenum. Feeding high concentrations of dietary Fe to nursery pigs also affected Mn metabolism, as both liver and duodenal Mn concentrations were lower in pigs receiving 520 mg Fe/kg DM (H-Fe). These results support the role of DMT1 in uptake of both Fe and Mn into the absorptive enterocyte of the small intestine in pigs. Commercial swine diets may contain $500 mg Fe/kg DM and, because Mn plays an important role in skeletal development of the rapidly growing nursery pig, the impact of high dietary Fe on Mn absorption through effects on proteins such as DMT1 and ZIP14 warrants further investigation.
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